One of the major limitations in the current set of techniques available to neuroscientists is a dearth of methods for imaging individual cells deep within the brains of live animals. To overcome this limitation, we developed two forms of minimally invasive fluorescence microendoscopy and tested their abilities to image cells in vivo. Both one-and two-photon fluorescence microendoscopy are based on compound gradient refractive index (GRIN) lenses that are 350-1000 mm in diameter and provide micron-scale resolution. One-photon microendoscopy allows full-frame images to be viewed by eye or with a camera, and is well suited to fast frame-rate imaging. Two-photon microendoscopy is a laser-scanning modality that provides optical sectioning deep within tissue. Using in vivo microendoscopy we acquired videorate movies of thalamic and CA1 hippocampal red blood cell dynamics and still-frame images of CA1 neurons and dendrites in anesthetized rats and mice. Microendoscopy will help meet the growing demand for in vivo cellular imaging created by the rapid emergence of new synthetic and genetically encoded fluorophores that can be used to label specific brain areas or cell classes.
INTRODUCTION
In recent years fluorescence imaging techniques have become increasingly useful for the study of live neurons. This stems from innovations in fluorescence microscopy (Denk and Svoboda 1997) , the creation of new vital fluorophores (Miyawaki et al. 2003; Zhang et al. 2002) , and the development of viral vector (Chen et al. 2000; Furuyashiki et al. 2002; Jeromin et al. 2003 ) and transgenic methods (Feng et al. 2000; Oliva et al. 2000) for expressing fluorescent proteins within select classes of cells. Since fluorescent probes can be used to tag specific molecular species (Lippincott-Schwartz and Patterson 2003) , fluorescence imaging has been employed to monitor biochemical signaling pathways (Okubo et al. 2001; Sato et al. 2002; Zhang et al. 2002) and to map protein distributions within individual cells and across cell populations (Chiu et al. 2002; Mack et al. 2001; Oliva et al. 2000) . Other imaging studies of cellular properties have relied on genetically encoded fluorescent probes that report gene expression (Brown et al. 2001; Spergel et al. 2001) or that allow determinations of cellular morphologies (Grutzendler et al. 2002; Trachtenberg et al. 2002) . Neuronal dynamics may be visualized using genetically encoded fluorescent probes that indicate membrane voltage (Guerrero et al. 2002) , ion concentrations (Kuner and Augustine 2000; Truong et al. 2001) , or synaptic transmission (Bozza et al. 2004; Ng et al. 2002) .
Unfortunately, high-resolution fluorescence imaging studies of neurons remain largely confined to in vitro preparations of cultured cells or tissue slices (Yuste et al. 2000) , because of the experimental difficulties in accessing many neuron types in vivo. These difficulties chiefly concern light scattering, which leads to an exponential attenuation of light intensity with distance traveled through solid tissue. In mammalian brain, even with near infrared wavelengths of 750-900 nm that scatter less than visible light the characteristic scattering length is only ~100 mm in mature animals (Oheim et al. 2001) , 140-240 mm in young adults (Kleinfeld et al. 1998; Oheim et al. 2001) , and limits fluorescence imaging depths to several hundred microns within tissue. Pomeroy and Purves 1988; Purves and Lichtman 1987; , and neuromuscular junctions (Akaaboune et al. 2002; Balice-Gordon and Lichtman 1994; Walsh and Lichtman 2003) , or to within ~500 mm of the neocortical (Grutzendler et al. 2002; Helmchen et al. 1999; Stosiek et al. 2003; Svoboda et al. 1997; Svoboda et al. 1999; Trachtenberg et al. 2002) or olfactory bulb (Charpak et al. 2001) surface. Recently, use of a Ti:sapphire regenerative amplifier as an excitation source for ultra-deep two-photon microscopy has been explored (Beaurepaire et al. 2001; Theer et al. 2003) . This source has enabled a demonstration in which fluorescent neuronal cell bodies were visualized up to 850-1000 mm deep within the neocortex of three-week-old mice (Theer et al. 2003) . However, most mammalian brain regions, which are not superficial and lie deeper than 500-1000 mm within tissue, have remained inaccessible to cellular-level fluorescence imaging in vivo.
Our goal was to develop high-resolution fluorescence imaging within deep brain areas that have been unreachable by optical microscopy, because this would open entirely new possibilities for studying cellular biology in vivo. We constructed fluorescence microendoscopes that exhibit a smaller range of diameters (350-1000 mm) and higher resolution (as good as 0.86 mm) than previous miniature fluorescence endoscopes, which exhibit 1-8 mm diameters and 1.8-3.1 mm resolution at best (Knittel et al. 2001; Rouse and Gmitro 2000; Sabharwal et al. 1999) . Toward this end, we introduced microendoscope probes comprised of multiple gradient refractive index (GRIN) micro-lenses that are 350-1000 mm in diameter and that provide micronscale resolution (Jung and Schnitzer 2003) . These probes enable minimally invasive in vivo imaging of individual cells in deep tissues (Jung et al. 2003; Levene et al. 2003a; Levene et al. 2003b ). Unlike conventional lenses that refract light at curved surfaces, GRIN lenses are not ground to shape and so are cheaply fabricated in sub-millimeter sizes (e.g. 100-1000 mm) suitable for insertion into solid tissue (Emkey and Jack 1987; Messerschmidt et al. 1997; Reed et al. 2002) . In microscopy it is well known that one-and two-photon fluorescence imaging modalities have complementary strengths and weaknesses, and we sought to develop both modalities in the microendoscopy format. Although use of only a single GRIN lens for microendoscopy suffers from several optical drawbacks (Levene et al. 2003a (Levene et al. , 2002 , early work exploring use of compound doublet GRIN micro-lenses for in vivo one-photon microendoscopy (Jung et al. 2002; Jung and Schnitzer 2002) and use of doublet (Jung et al. 2002; Jung et al. 2003 ) and triplet GRIN micro-lenses (Jung et al. 2003; Jung and Schnitzer 2003; Levene et al. 2003a; Levene et al. 2003b) for in vitro and in vivo two-photon microendoscopy appears promising.
Here we describe in vivo one-and two-photon fluorescence microendoscopy. The strengths and weaknesses of these two modalities resemble those of one-and two-photon fluorescence microscopy, respectively. One-photon fluorescence imaging offers the advantages of full-frame image acquisition, lower cost, and greater ease of use. Although one-photon microendoscopy lacks optical sectioning capabilities, as with one-photon microscopy lack of sectioning can also be used to advantage, because it allows signals originating from adjacent depths to be aggregated towards achieving faster frame-rates. Two-photon imaging is a laserscanning modality and provides localized fluorescence excitation that yields inherent optical sectioning and minimal phototoxicity outside the focal waist (Hopt and Neher 2001) . Because essentially all fluorescence photons originate from the focal spot, even photons that scatter in tissue en route to the photodetector can contribute to image signals (Denk and Svoboda 1997).
Thus, two-photon imaging is especially well suited for imaging through hundreds of microns of biological tissue. Using one-photon microendoscopy we obtained video-rate movies of individual red blood cells moving within neocortical, hippocampal, and thalamic capillaries of anesthetized rats and mice. We also visualized multiple hippocampal pyramidal cells within single image frames acquired in the CA1 area of anesthetized mice. Using two-photon microendoscopy in anesthetized rats and mice, we imaged individual neurons and dendrites in the CA1 hippocampal area, up to ~270 mm away in tissue from the face of the endoscope.
MATERIALS AND METHODS
Microendoscope probes based on gradient refractive index micro-lenses GRIN lenses exhibit a spatially varying refractive index, because the glass is inhomogeneously doped with a cation species, such that cation density is typically highest at the central axis of the lens and declines towards the periphery (Gomez-Reino et al. 2002; Messerschmidt et al. 1997) .
This leads to a refractive index profile that declines approximately quadratically with radial distance from the central axis of the lens (Gomez-Reino et al. 2002; Reed et al. 2002) . In a ray description, total internal reflection occurs in a gradual manner as light passes from central regions to peripheral regions of lower index, causing light rays to travel down the cylindrical lens axis in an approximately sinusoidal path (Gomez-Reino et al. 2002) . The axial length for one full sinusoidal cycle is called the 'pitch length,' P, of the GRIN medium and is determined by the refractive index profile. Two lenses made from the same GRIN substrate but of different pitch (e.g. ½-pitch vs. ¼-pitch) will have distinct lensing properties (Emkey and Jack 1987).
Decreasing P leads to an increased numerical aperture (NA). Using combinations of GRIN micro-lenses with different NA, we have developed endoscope probes for both one-and twophoton fluorescence imaging.
Endoscope probes were custom fabricated thallium-doped GRIN relay lenses (NSG, Japan) and thallium-doped (NSG) and silver-doped objectives (GrinTech, Germany) glued together with optical epoxy (Fig. 1A) . Such lenses use cylindrical GRIN substrate with an index where n 0 is the refractive index on the lens axis. A substrate's pitch length, P, is determined by the quadratic coefficient g, P = 2p g.
The endoscope probes used for one-photon imaging are micro-lens doublets, 350-1000 mm in diameter ( Figure 1A ), comprising an endoscope objective lens and a much longer but weaker relay lens. The objective lens is less than ¼-pitch in length and in our current probes has a relatively high NA of near 0.5, for micron-scale imaging. Our endoscope objectives have an 'infinity' design, in that they collimate light from a point source residing at the working distance of the endoscope probe. The relay lens is made from a GRIN substrate with a longer pitch length, so this lens has a lower NA of only 0.084-0.11. The relay focuses a real image of the specimen slightly outside the back face of the endoscope probe ( Figure 1C ,D) with a magnification typically between 4-6X. A primary function of the relay is to provide sufficient length for insertion into deep tissue. In monochromatic light, the higher NA objective lens, not the lower NA relay, limits the optical resolution. There are several options for relays of different length. The shortest relay is ¼-pitch ( Figure 1C ) and the next shortest is ¾-pitch ( Figure 1D ). If needed, additional length can be added to the relay in integral multiples of ½-pitch. Optical aberrations accrue in GRIN lenses of longer pitch (Gomez-Reino et al. 2002) , so it is advisable to choose a relay lens that is as short as possible, but long enough to reach the tissue under study.
To relate the working distance (WD), focal distance ( f ), field of view (FOV ), numerical aperture (NA), and lateral magnification (M L ) of our endoscope probes to the properties of the GRIN substrates, we used the matrix formulation of paraxial ray optics (Kogelnik 1965).
Although more detailed design can be performed using numerical ray tracing, this analytical With two-photon imaging we sometimes used a triplet design comprised of an endoscopic objective lens, a ½-pitch relay lens, and a ¼-pitch coupling lens made of the same GRIN substrate as the objective ( Figure 6C ). In this case, the relay lens acts as a telescope of magnification minus one. Although the use of the ½-pitch relay and the addition of the coupling lens do not change the above formulae for WD and FOV, the expression for M L simplifies:
The microendoscope probes were held within the optical instrumentation using custommade aluminum holders shaped like an hourglass with a hole along the axis. Probes were afforded some flexibility to pivot about the hourglass waist by encasing the probes in silicon tubing before placing them into the holder.
One-photon microendoscopy
The one-photon fluorescence endoscope was constructed on a rail (X95, Newport, There are two mechanisms for focusing the image, implemented through a pair of modular focus units (81705, Nikon, Japan) that hold the microscope objective and endoscope probe. One unit adjusts the position of the endoscope probe within the animal. The second unit adjusts the position of the microscope objective relative to the endoscope probe, so that the image focus within tissue can be altered without any mechanical movements within the animal.
Optical resolution measurements
Spatial calibration of the endoscope's motorized X-Y stage was performed using a stage micrometer with a 10-mm-grid imaged under transmitted light provided by a light box (455136, Zeiss). To estimate the fluorescence intensity point spread function, we prepared microscope slides with individual 170-nm-diameter fluorescence beads (P7220, Molecular Probes, Eugene, OR) fixed to the slide surface. A clean slide was washed in 1 M NaCl and a coverslip (#1.5, 0.185 mm, Corning Inc., Corning, NY) was fixed on the slide by using double-sided tape as an adhesive spacer. We filled the chamber with a solution of fluorescence beads and waited about a minute for beads to adhere to the coverslip. We then flushed the chamber with water to remove any beads remaining in solution and allowed the chamber to dry in air.
Fluorescence beads were epi-illuminated under the one-photon endoscope and images were filtered using a band pass (HQ535/30) and acquired at 12-bit resolution with the cooled CCD Camera. The images were imported into image analysis software (NIH Image) and onedimensional cross sections through the bead center were normalized in amplitude and then fit with an Airy disk, f (x) = 2J 1 (kx) /kx Tests of optical resolution using grid lines were performed using a Ronchi ruling (600 lines per mm, Edmund Optics) or a Marine Biological Laboratory/ National Nanofabrication Facility (MBL/NNF) transmittance test slide (Oldenbourg et al. 1993) . The MBL/NNF slide exhibited a Siemens star and grid lines at a variety of spacings. Resolution was estimated using the Siemens star by determining the radius at which image contrast between adjacent wedges disappears. Errors in radial measurements yielded errors in resolution values.
Two-photon microendoscopy
The two-photon endoscope was constructed on an X95 rail (Newport) mounted on a stepper motor driven X-Y translation stage (New England Affiliated Technologies). This instrument was built as a modification to a previously existing two-photon microscope (Svoboda et al. 1997) . A wavelength-tunable ultra-short pulsed Ti:sapphire laser (Tsunami, Spectra- 
Animals and Surgery
All animal procedures were performed in accordance with NIH guidelines and were approved by the Bell Laboratories and Stanford University Institutional Animal Care and Use
Committees.
Adult female Sprague-Dawley rats were anesthetized with urethane (1.5 mg/g bodyweight, i.p.) or ketamine and xylazine (0.13 mg and 0.01 mg per g bodyweight, respectively). Body temperature was monitored with a rectal probe and was kept stable at 36º C with a feedback-controlled heat blanket (Harvard Apparatus, Holliston, MA). The head was shaved and the eyes were covered with ointment (Puralube Vet, Pharmaderm, Melville, NY). An incision was made through the scalp along the midline for a length of 1-1.5 cm. The skin was retracted and the skull was exposed. A craniotomy was then performed over the brain area of study.
We used two general methods for reaching deep brain tissue with the microendoscope probe. The first method involved gradually lowering the probe through brain matter until it (Mizrahi et al. 2004 ).
After aspirating overlying neocortex in the anesthetized mouse, it is possible to use a conventional microscope objective to image fluorescent hippocampal pyramidal cells (Mizrahi et al. 2004) . Although this approach does obviate concerns about compression of overlying tissue, aspiration of large portions of neocortical matter is highly invasive. We developed an intermediate approach in both rats and mice in which prior to insertion of the endoscope probe we removed a thin column of tissue overlying the brain area of interest. We then inserted the endoscope through this opening. The brain area under observation was left intact. With experience, we were able to image through smaller craniotomies (about 1.5 mm) and with correspondingly less tissue removed, without noticeable effects on image quality. This method allowed us to image the rat laterodorsal thalamus in vivo, slightly less than 4 mm below the neocortical surface, which is prohibitive with conventional microscopy even after large-scale surgical removal of neocortical matter.
For studies of rat hippocampus a 1.5 or 3.0 mm diameter craniotomy centered at Running title: In vivo fluorescence microendoscopy p. 14 14 coordinates 1.9 mm lateral, -4.0 mm from bregma was opened. The dura was removed with forceps. Bent and blunted needles (23G and 26G) were used to aspirate a column of tissue from overlying neocortex and corpus callosum that had a diameter slightly smaller than that of the craniotomy. The dorsal alveus layer of hippocampus remained untouched and intact. During aspiration, fine control of suction strength was performed by partially covering a 1 mm hole drilled in the plastic fitting of the suction needle. The corpus callosum and any clotted blood was removed by washing with ACSF while aspiration suction was reduced.
Endoscopic imaging studies of rat laterodorsal (LD) thalamus were performed using a 2.0 mm diameter craniotomy centered at 2.4 mm lateral, -3.5 mm bregma or at 1.9 mm lateral, -3.0 mm bregma. Overlying neocortical and hippocampal tissue within the diameter of the craniotomy were aspirated. LD was untouched and left intact.
Female mice were anesthetized with i.p. injection of ketamine (0.13 mg/g) and xylazine
(0.01mg/g). The head was shaved and eyes were covered with eye ointment. For imaging in CA1 a 1.5 or 2.0 mm diameter craniotomy at coordinates 2.0 mm lateral, -2.0 mm from bregma was opened. Neocortex and corpus callosum were aspirated over a diameter the same as that of the craniotomy. The alveus layer of hippocampus was untouched and remained intact.
Fluorescence labeling
For red blood cell imaging, fluorescein (0.8mg per kg bodyweight dissolved in ACSF, Sigma-Aldrich, St. Louis, MO) was injected into the femoral vein of rats and mice with a 30G
needle. The injection was done under a surgical stereoscope to ensure that dye was only injected into the circulation and not into adjacent tissue.
Rat neocortical neurons were labeled using Di-I paste (Molecular Probes). The tip of a glass microelectrode of ~3 MW impedance was dipped into the paste and inserted up to 1 mm into the cortex. The microelectrode was then removed. After waiting ~30 minutes or longer for the dye to diffuse, individual neurons at the periphery of the microelectrode's path through tissue were visible. The endoscope was then inserted into tissue adjacent to the insertion point of the microelectrode.
Imaging studies of fluorescent CA1 hippocampal neurons in live mice involved the YFP-H transgenic line that expresses yellow fluorescent protein (YFP) under control of neuronspecific elements from the thy1 gene (Feng et al. 2000) .
RESULTS

One-photon fluorescence microendoscopy
Despite important differences regarding instrument size and lens design, the instrument that we built for one-photon fluorescence microendoscopy shares many of the strengths and weaknesses of conventional epi-fluorescence microscopes (Figure 1 ). Epi-fluorescence imaging typically employs incoherent illumination, which we provided using a Mercury-arc lamp, and enables direct viewing through eyepieces or image capture on a pixilated detector such as a CCD or photodiode array (Yuste et al. 2000) ( Figure 1B ). Our instrument uses conventional epifluorescence filter sets and a microscope objective that couples fluorescence excitation light into a compound doublet microlens probe (350-1000 mm diameter; Figure 1A ) comprised of a GRIN endoscopic objective lens and a GRIN relay lens ( Figure 1C,D) . This microendoscope probe delivers the illumination to the tissue and projects a real epi-fluorescence image to the external face of the relay lens (Methods, Figure 1C,D) , at the front focal plane of the microscope objective ( Figure 1B) . A benefit of our design is that there are two mechanisms for focusing the image. One mechanism adjusts the position of the endoscope probe within the animal. After the initial position of the endoscope probe is set in tissue, it is often advantageous to keep the probe stationary. The second mechanism adjusts the position of the microscope objective relative to the probe, so that the image focus can be altered without any mechanical movements within the animal.
To estimate endoscope resolution, we performed three different tests. First, we imaged grids that were nanofabricated by electron lithography (Oldenbourg et al. 1993) . With three endoscopes of NA from 0.38-0.47, we found that grids with 1.66-or 1.2-mm spacing could be also because further study of the coupling between neural activity and vascular response is needed towards understanding the physiological underpinnings of imaging modalities that rely on vascular and metabolic effects (Fox et al. 1986; Martin et al. 2002; Ogawa et al. 1992; Shtoyerman et al. 2000) . Prior imaging studies have examined mammalian blood flow in the pia (Hudetz et al. 1997; Ma et al. 1974) Dirnagl et al. 1992; Hudetz et al. 1997; Ivanov et al. 1985; Kleinfeld et al. 1998; Ma et al. 1974; Villringer et al. 1994) . were out of the image focal plane were often apparent. This did not prove to be a major obstacle to achieving video-rate imaging of blood cell dynamics in brain areas that have been inaccessible to conventional microscopy.
In vivo neuronal imaging using one-photon microendoscopy
To demonstrate our ability to visualize neurons deep within live mammals, we examined neocortical neurons in anesthetized rats and hippocampal neurons in anesthetized mice. To label rat neurons in somatosensory cortex, we used the lipophilic fluorescent dye, Di-I which binds to and diffuses along lipid membranes (Methods). After delivery of dye into infragranular layers of somatosensory cortex, allowance of sufficient time for the dye to label neuronal processes, and insertion of the microendoscope probe into neocortex 1 mm ventral to the pia, we were able to visualize individual fluorescent cells and dendrites (e.g. Figure 5A ).
To demonstrate endoscopic imaging in mice, we used transgenic mice in which a subset of hippocampal pyramidal cells express the yellow fluorescent protein (YFP) (Feng et al. 2000) .
With the endoscope probe positioned dorsally above the hippocampal alveus, fluorescent dendrites in stratum oriens were visible ( Figure 5B ). By adjusting the focus of the microscope objective external to the animal but without adjusting the position of the endoscope probe, we also visualized small clusters of individual pyramidal cell bodies lying more ventrally in stratum pyramidale ( Figure 5C,D) , about 180-220 mm below alveus.
These data show that one-photon microendoscopy can be used to visualize individual neurons in vivo. As demonstrated in the YFP-H animals, the method provides a convenient means of detecting fluorescent proteins within both dendritic and somatic cellular compartments in deep brain neurons in vivo, which should be applicable to the study of other transgenic animal lines. As with conventional epi-fluroescence microscopy, when imaging a specimen embedded deep within tissue, there is a fluorescence background from out of focus and scattered fluorescence emissions ( Figure 5C,D) . Thus, to provide three-dimensional sectioning and to increase image contrast, we developed in vivo laser-scanning two-photon microendoscopy.
Laser-scanning two-photon fluorescence microendoscopy
In our previous work we had developed two-photon microendoscopy using a GRIN triplet endoscope probe (Jung and Schnitzer 2003) . In the present work we explored several variants of our original strategy for laser scanning (Figure 6 ). One variant uses a doublet endoscope probe comprised of an endoscopic objective lens and a ¼-pitch relay lens ( Figure 6A ), nearly identical to the probe depicted in Figure 1C Figure 6 we currently favor use of doublet GRIN lens probes ( Figure 6A,B) , which offer similar fields of view as the triplet probes but at about 2 / 3 the cost and with greater image magnification (4-6X) and lower NA for incoupling the laser beam. These optical advantages allow one to use a simple low NA achromat to couple the laser into a doublet endoscope probe, rather than a microscope objective of ~0.5 NA. Further, the resulting weaker focus of the incoupled beam helps to reduce autofluorescence at the endoscope surface.
In vivo neuronal imaging using two-photon microendoscopy
Initial tests of in vivo two-photon microendoscopy involved anesthetized rats. We Without repositioning the endoscope probe, images could be focused ventrally into CA1 stratum pyramidale and beyond, into the dorsal portion of stratum radiatum up to about 270 mm below the alveus. Using digital zoom to set the spatial extent of the laser scan pattern, we could acquire individual endoscopic images of stratum pyramidale that contained over ~25 pyramidal 21 cell bodies at low magnification (Fig. 8C ), or fewer cell bodies and greater dendritic details at higher magnifications (Fig. 8D,E) . At more ventral focal depths (~260 mm below alveus) we were able to visualize the larger apical dendritic trunks in stratum radiatum (Fig. 8F) . Without the optical sectioning capabilities of two-photon microendoscopy, it would otherwise be very difficult to isolate signals from an individual dendrite in stratrum radiatum without being overpowered by background fluorescence from the dense layer of fluorescent cell bodies dorsally overlying in stratum pyramidale.
DISCUSSION
We constructed microendoscopes based on compound GRIN micro-lenses, which hippocampus by conventional two-photon microscopy (Mizrahi et al. 2004) . After this surgical intervention they have tracked the stability of hippocampal dendritic spines over several hours.
Although such methodology employs water immersion objectives that offer superior resolution and higher NA than currently available GRIN micro-lenses provide, this invasive surgical approach may be limited in use to hippocampus or other structures within the working distance of the microscope objective from the cranium. For example, in vivo imaging of rat thalamus, which is about 4 mm ventral to the neocortical surface, would apparently require surgical removal of overlying neocortical and hippocampal tissue within a diameter broad enough to insert the microscope objective, thereby causing massive tissue disruption. An attempt to skirt this problem by use of a long working distance microscope objective and a small diameter tissue resection would limit the usable NA of the objective lens to that afforded by the geometry of the resection. Further, surgical resection may preclude examination of certain issues that require study in a chronic preparation, because large-scale removal of afferents and efferents may induce long-term disturbance of neuronal properties. We have developed general methodologies for in vivo optical imaging of deep tissue such as thalamus ( Figure 3C ) with high NA (~0.5) but without large-scale tissue resection.
Our methods rely on insertion of compound GRIN microlenses into tissue. Such microendoscopes of 350-1000 mm diameter are the smallest probes used to date for in vivo cellular imaging of which we are aware (Jung et al. 2003; Jung and Schnitzer 2003; Levene et al. 2003a) , but this diameter range exceeds that of microelectrodes. The micro-lenses are closer in size to microdialysis probes that are commonly used to study neurochemistry in vivo and that range from ~250 mm and upwards in diameter. Although the use of microendoscopes appears to be less invasive and more generally applicable than the surgical approaches developed by Mizrahi et al. 2004 , future studies must consider the potential effects of the microendoscope probe on the biological phenomenon under consideration. Several potential strategies exist for inserting the endoscope probe in as minimally invasive a manner as possible, and two of these strategies have been explored to date.
The first strategy involves gradual insertion of the probe into the brain area of interest.
We used this approach for studies of deep neocortical capillaries and neurons ( protein fusions, such as those used to study somatodendritic patterns of cytoskeletal dynamics (Furuyashiki et al. 2002; Stepanova et al. 2003) and of ion-channel localization (Antonucci et al. (Margrie et al. 2003) . Finally, two-photon microendoscopy would generally be superior to its one-photon counterpart for tracking Ca 2+ ion dynamics within individual dendrites using fluorescent Ca 2+ -indicators, as performed previously using two-photon microscopy near the mammalian brain surface in combined imaging and electrophysiological studies (Charpak et al. 2001; Helmchen et al. 1999; Svoboda et al. 1997; Svoboda et al. 1999; Waters et al. 2003) .
Further development of microendoscopy methodologies may enable chronic studies in which the long-term cellular effects of experience or of novel therapeutic treatments are repeatedly examined over prolonged time periods in tissues inaccessible to conventional microscopy. Fiber optic approaches (Helmchen et al. 2001 ) may extend our methods to freely moving animals. As new fluorescent probes of disease are created (Weissleder et al. 1999) ,
potential clinical applications of microendoscopy should also emerge. 
Data supplements
The following movies are compressed versions of the raw movie data that are the sources for the sequences of image frames shown in Figure 3 .
Movie 1
Video footage used as the basis for Figure 3A . Please see Figure 3A legend for details.
Movie 2
Video footage used as the basis for Figure 3B . Please see Figure 3B legend for details.
Movie 3
Video footage used as the basis for Figure 3C . Please see Figure 3C legend for details. 
